A multilaboratory study was undertaken to determine the accuracy of the current National Committee for Clinical Laboratory Standards (NCCLS) oxacillin breakpoints for broth microdilution and disk diffusion testing of coagulase-negative staphylococci (CoNS) by using a PCR assay for mecA as the reference method. Fifty well-characterized strains of CoNS were tested for oxacillin susceptibility by the NCCLS broth microdilution and disk diffusion procedures in 11 laboratories. In addition, organisms were inoculated onto a pair of commercially prepared oxacillin agar screen plates containing 6 g of oxacillin per ml and 4% NaCl. The results of this study and of several other published reports suggest that, in order to reliably detect the presence of resistance mediated by mecA, the oxacillin MIC breakpoint for defining resistance in CoNS should be lowered from >4 to >0.5 g/ml and the breakpoint for susceptibility should be lowered from <2 to <0.25 g/ml. In addition, a single disk diffusion breakpoint of <17 mm for resistance and >18 mm for susceptibility is suggested. Due to the poor sensitivity of the oxacillin agar screen plate for predicting resistance in this study, this test can no longer be recommended for use with CoNS. The proposed interpretive criteria for testing CoNS have been adopted by the NCCLS.
The coagulase-negative staphylococci (CoNS) comprise a group of species frequently associated with both communityacquired and nosocomial bloodstream infections, particularly in patients with indwelling catheters or other medical devices (2, 9, 15, 22) . Isolates from a variety of CoNS species, including Staphylococcus epidermidis, S. hominis, S. haemolyticus, S. saprophyticus, S. simulans, and S. warneri have been reported to harbor the mecA determinant, which encodes a modified penicillin binding protein (PBP2a) and is responsible for resistance to the penicillinase-resistant penicillins, such as dicloxacillin, methicillin, nafcillin, and oxacillin (6, 12, 18, 20) . The presence of the mecA gene in a staphylococcal isolate is considered synonymous with oxacillin resistance (1, 4, 17, 19) . Thus, genetic assays for mecA have often been used as the reference method for evaluating new methods of antimicrobial susceptibility testing for staphylococci (1, 3, 6, 10, 16, 23) .
Many investigators have reported discrepancies between the results of mecA genetic assays and MIC tests for oxacillin resistance when the results of MIC testing were interpreted by using the current National Committee for Clinical Laboratory Standards (NCCLS) breakpoints of Յ2 g/ml for susceptibility and Ն4 g/ml for resistance (3, 6, 9, 10, 13, 14, 17, 21) . There are also conflicting data regarding the accuracy of the oxacillin agar screen test, in which an agar plate containing 6 g of oxacillin per ml and 4% NaCl is inoculated with a heavy suspension of the staphylococcal test organism, compared to the results of a PCR assay for mecA (3, 8, 17, 23) . More recently, the accuracy of the oxacillin disk diffusion test also has come into question (3, 6, 9, 23) . However, none of the studies cited above were conducted in multiple laboratories, although strains from many institutions and geographic locations were sampled.
To determine the accuracy of the oxacillin broth microdilution, disk diffusion, and agar screen tests, we tested 50 wellcharacterized CoNS strains in 11 laboratories and compared those results to the results of a PCR assay for mecA performed in 3 laboratories. The goal of this study was to either validate the existing NCCLS breakpoints or modify the breakpoints to make them conform to the results of genotypic (mecA) testing.
described by NCCLS, on the same 50 test strains. Previous test results from an additional 200 isolates of CoNS from CDC (see below) were reanalyzed by using the new MIC and disk diffusion breakpoints.
Organisms tested. Most of the CoNS strains chosen for this study had previously demonstrated oxacillin MICs ranging from 0.25 to 4 g/ml. The organisms were identified by standard biochemical methods (7) . The distribution of species is as follows (with the total number of strains/number of mecA positive strains, given in parentheses after each species name): S. epidermidis (27/18), S. hominis (8/5), S. warneri (6/1), S. haemolyticus (3/3), S. lugdunensis (2/0), S. saprophyticus (2/1), S. capitis (1/0), and S. simulans (1/1). S. aureus ATCC 29213, ATCC 25923, and ATCC 43300 were included for quality control (13, 14) . Each strain was subcultured to ensure purity and was frozen for distribution to the participating laboratories. Identification to species level and the presence or absence of mecA were verified or determined prior to shipment. The additional 200 isolates of CoNS included 141 isolates chosen from the CDC strain collection (total number/number mecA positive), i.e., S. epidermidis (48/43), S. haemolyticus (27/23), S. hominis (13/8), S. lugdunensis (9/0), S. simulans (8/4), S. saprophyticus (7/1), S. warneri (5/2), S. intermedius (5/1), S. cohnii (4/0), S. xylosus (3/0), S. hyicus (2/0), S. auricularis (2/0), S. capitis (1/0), S. saccharolyticus (1/0), and Staphylococcus species (5/1), and 59 fresh clinical isolates of CoNS from five laboratories around the United States, i.e., S. epidermidis (47/35), S. hominis (8/6), S. capitis (2/0), S. warneri (1/0), and S. auricularis (1/0). All 200 of these were tested previously at CDC with cation-adjusted Mueller-Hinton broth (CAMHB) by the NCCLS method.
Inoculum preparation. Inoculum for all tests was prepared from a blood agar plate that had been streaked with a single colony from an initial subculture plate and incubated for 18 to 24 h. The test inoculum was prepared by removing growth from the blood agar plate, inoculating it directly into Mueller-Hinton broth, and adjusting the inoculum to equal a 0.5 McFarland turbidity standard (14) . The final inoculum for the broth microdilution tests was determined from both MIC plates for each organism by each laboratory by removing 20 l from a growth control well, diluting it in 10 ml of saline just after inoculation, and, after mixing well, spreading 100 l onto each of two blood agar plates.
Broth microdilution tests. Panels were prepared by two laboratories, CDC and Dade MicroScan, by following NCCLS reference procedures (13, 14) . The panels contained oxacillin (range, 0.015 to 32 g/ml), vancomycin (0.06 to 64 g/ml), penicillin (0.12 to 128 g/ml), and erythromycin (0.03 to 32 g/ml). Vancomycin was obtained from Lilly Research Laboratories (Indianapolis, Ind.); penicillin, erythromycin, and oxacillin were obtained from Sigma (St. Louis, Mo.). (Data for drugs other than oxacillin are not reported here.) The panels were made using two different lots of CAMHB, i.e., a common lot of CAMHB (Difco Laboratories, Detroit, Mich.) used by both laboratories and one unique lot (from Acumedia, Westlake, Ohio, for CDC and from Becton Dickinson Microbiology Systems [BDMS], Cockeysville, Md., for MicroScan; the latter was specifically prepared for MicroScan panels). The CAMHB for oxacillin testing was supplemented with 2% NaCl. Inoculation was performed and final inoculum counts were determined on all MIC plates as described above. Panels were incubated at 35°C and read at 24 h to determine the oxacillin MICs. The significance of differences between the results of the MIC tests determined with the different lots of media was determined by the Wilcoxon signed rank test.
Disk diffusion tests. Each laboratory performed disk diffusion tests using locally obtained Mueller-Hinton agar. Seven laboratories used commercially prepared BDMS Mueller-Hinton agar, three laboratories used commercially prepared Remel (Lenexa, Kans.) Mueller-Hinton agar, and one laboratory prepared its plates in-house using BDMS agar. No common lot of medium was included. Oxacillin disks (1 g; BDMS) were supplied to each laboratory for the study. Oxacillin zone diameters were measured after 24 h of incubation in ambient air at 35°C.
Oxacillin agar screen test. The oxacillin agar screen test was performed with agar plates from two commercial sources, Remel and BDMS. The plates were inoculated in two ways with a cotton swab dipped into the 0.5 McFarland suspension: (i) by leaving the swab wet, and (ii) after expressing the fluid, as would be done for disk diffusion testing. For both methods, the plates were inoculated by making a spot about the diameter of a dime (ϳ15 mm) onto a quadrant of the plate. The plates were incubated in ambient air at 35°C and read at 24 and 48 h. Growth of Ͼ1 colony was interpreted as positive.
PCR for mecA. The PCR assays for mecA were performed at CDC as described by Murakami et al. (12) . The assays were also performed at the University of Iowa College of Medicine and Massachusetts General Hospital by using in-house protocols.
RESULTS

Inoculum determinations.
Each laboratory determined the inoculum density of each study organism by sampling one well of each MIC plate. The results from each laboratory for each species were averaged, and the mean results are shown in Table 1 . Most of the viable organism counts (observed range, 3 ϫ 10 4 to 1.2 ϫ 10 6 CFU/ml) were below the recommended density of 5 ϫ 10 5 CFU/ml (ideal range, 3 ϫ 10 5 to 7 ϫ 10 5 CFU/ml). Only the S. lugdunensis isolates produced average CFU counts near the midpoint of the ideal range on both MIC panels.
The effect of the medium on MIC results. The concentrations of oxacillin required to inhibit the growth of the 50 study isolates of CoNS were determined in 11 laboratories using two different MIC panels. Each reference MIC panel (one prepared at CDC and the other prepared at MicroScan) contained a common lot of medium (Difco) and a unique lot (Acumedia or BDMS). The oxacillin MIC results for the mecA-negative S. epidermidis isolates were highly comparable regardless of the source of medium used, with Ն99% of values within Ϯ1 log 2 dilution (Table 2) . However, significant variations in MICs were noted when the results generated with the common lot of Difco broth prepared by CDC were compared to those generated with the Difco broth prepared by MicroScan for mecAnegative organisms other than S. epidermidis and for all mecApositive organisms. Similar differences were noted when the MIC results with the CDC Difco broth were compared to the results with the CDC Acumedia broth, and when the results with the MicroScan Difco broth were compared to the results with the MicroScan BDMS broth (Table 2) . When the MIC results for all organisms were pooled, the Wilcoxon signed rank test indicated that the MIC results generated with the MicroScan Difco broth were significantly lower than the results with the CDC Difco broth (P Ͻ 0.0001). Similarly, the MicroScan BDMS results were significantly lower than the MicroScan Difco results (P Ͻ 0.03). The overall results obtained with the CDC Difco broth and the CDC Acumedia broth were not significantly different (P ϭ 0.25). All of the quality control results for oxacillin testing of S. aureus ATCC 29213 by all 11 laboratories were within the published control ranges on each day of testing.
New MIC breakpoints. After examining the interpretive errors for each potential set of breakpoints (Table 3) , we selected the values of Յ0.25 g/ml for susceptibility and Ն0.5 g/ml for resistance, since they showed the lowest numbers of category errors with these data sets and with other data sets reported in the literature. The percent correct values observed for each broth medium by using the current and proposed oxacillin MIC breakpoints are shown in Table 4 . For mecA-positive strains, any MIC result that was not Ն0.5 g/ml (proposed breakpoint) or Ն4.0 g/ml (current breakpoint) was considered an error. Conversely, for mecA-negative strains, any oxacillin MIC result of Յ0.25 g/ml (proposed breakpoint) or Յ2.0 g/ml (current breakpoint) was considered an error. The a The means represent the average counts from both MIC plates for each organism for each species counted in each laboratory. Each range consists of the mean from the laboratory with the lowest average counts per species and the mean from the laboratory with the highest average counts per species.
b Counts within allowable range for final inoculum in MIC plates.
oxacillin MICs of a large percentage of the mecA-positive strains were below the current NCCLS resistance breakpoint of Ն4.0 g/ml with all four media (Table 4) . However, very few errors were obtained with mecA-negative strains by using the current breakpoints. For the mecA-positive strains, most of the errors (i.e., those strains classified as susceptible by MIC testing) were limited to only a few strains. For example, all nine errors with the CDC Difco medium for mecA-positive S. epidermidis isolates resulted from problems with a single strain, S. epidermidis 42.
The major problem with the lower oxacillin breakpoints was the number of false-resistant results, i.e., mecA-negative strains classified as resistant by MIC testing. These were mainly CoNS other than S. epidermidis (Table 4 ). The errors represented difficulties in testing a variety of mecA-negative staphylococcal species, including S. warneri, S. capitis, S. lugdunensis, and S. saprophyticus, the oxacillin MICs for all these species tend to be higher than those for mecA-negative S. epidermidis strains. For these strains, the results of MIC testing were comparable among the 11 laboratories and were not skewed by the results of any single laboratory (data not shown).
Selection of disk diffusion breakpoints. The scattergrams showing the MIC results with MicroScan BDMS Mueller-Hinton broth versus the disk diffusion zone diameter measurements obtained in each of the 11 laboratories for the 50 CoNS study isolates are shown in Fig. 1A (mecA-positive strains) and Fig. 1B (mecA-negative strains) . The MicroScan BDMS broth values were selected for further analysis because they demonstrated the best correlation with the results of mecA testing (Table 3) . By using the MIC breakpoints of Յ0.25 g/ml for susceptibility and Ն0.5 g/ml for resistance, disk diffusion breakpoints of Յ17 mm for resistance and Ն18 mm for susceptibility were chosen. Since the scattergram represents results of replicate testing of 50 isolates in 11 laboratories, true error rates cannot be calculated. However, of the 25 discordant results between MIC and disk diffusion testing in the upper right quadrants of Fig. 1 (those analogous to "very major errors") that were determined by using MIC results (not mecA results), 23 results were for mecA-positive strains, 15 of which were due to two S. epidermidis strains, one S. simulans strain, and two S. hominis strains. Conversely, the "major errors" (lower left quadrants) were primarily due to a single mecApositive S. epidermidis strain (strain 42) and the same S. hominis strains that caused the very major errors. Figure 1B (upper left quadrant) shows several mecA-negative isolates that are classified both by MIC testing and by disk diffusion testing as resistant. The 41 results represent replicate testing of only four strains, i.e., one S. saprophyticus, one S. warneri, and two S. lugdunensis strains. The six values in the Since the isolates selected for this study were weighted towards organisms for which the oxacillin MICs are close to the current NCCLS breakpoint, the number of errors may be artificially high. To control for the potential impact of examining only organisms that were difficult to test, we applied the new MIC and disk diffusion breakpoints to a collection of CoNS isolates from five U.S. laboratories, tested over the last 5 years at CDC. Figure 2A (mecA-positive strains) and Fig. 2B (mecAnegative strains) show only two very major errors (one mecApositive S. simulans strain and one mecA-negative S. haemolyticus strain) and one major error (one mecA-negative S. auricularis strain). However, 28 of 75 mecA-negative strains were classified as resistant by both the MIC and disk diffusion methods, including nine of nine S. lugdunensis strains, six of six S. saprophyticus strains, and mecA-negative strains of nine other staphylococcal species. None of the mecA-negative strains of S. epidermidis from the CDC data set were misclassified by using the proposed breakpoints.
Oxacillin agar screen test. The results of the oxacillin agar screen tests are shown in Table 5 . As expected, the tests with plates that were inoculated with a wet swab (higher inoculum) showed greater sensitivity in detecting mecA-positive strains than did those in which the liquid had been expressed from the swab prior to inoculation of the plate. However, even after 48 h of incubation, both commercial tests demonstrated unacceptably low sensitivities for mecA-positive strains. The Remel screening medium showed the highest sensitivity at 48 h for mecA-positive S. epidermidis strains (81.3%).
DISCUSSION
Testing for oxacillin resistance in staphylococci has been a challenge for clinical laboratories for more than 15 years (11) . Recently, several investigators have noted discrepancies between the results of MIC tests using the current NCCLS MIC breakpoint for oxacillin and the results of mecA assays (3, 9, 10, 17, 23) . Based on these findings, they have suggested that the MIC susceptibility breakpoint for oxacillin should be lowered significantly below its current value of 2 g/ml. However, the reasons for the poor correlation between MICs and the genetic assays used as the reference method were not enumerated in these reports. One of the goals of this study was to determine what factors may be responsible for the discrepancies between the phenotypic and genotypic results. In this regard, our data suggest that the source of Mueller-Hinton broth is one of the key factors that influence the oxacillin MIC results. Although Hindler and Warner reported several years ago that the source of Mueller-Hinton agar affected the results of the oxacillin screen test (5), the source of Mueller-Hinton broth apparently has not been considered to be a cause of discrepancies with broth microdilution MIC results. However, it is clearly not the only factor, since even the same lot of Difco medium gave statistically different oxacillin MIC results in panels prepared separately by two laboratories. Extensive review of the way in which both panels were prepared failed to reveal any substantial differences that could explain the variance in results. Both panels were supplemented, sterilized, and shipped in similar fashions. Although the MicroScan plates had V-shaped wells and the CDC plates had U-shaped wells, we do not think this can account for the differences observed. While the differences in results remain unresolved, we can conclude that part of the problem in previous reports of differences between MICs and mecA tests is likely to be medium related.
A second factor that influences MIC results is inoculum size. This study demonstrated that despite following the standard guidelines recommended by NCCLS, most of the participating laboratories unintentionally used an inoculum below the target concentration of 5 ϫ 10 5 CFU/ml. This low inoculum was observed during testing of S. epidermidis isolates and a variety of other staphylococcal species. Given a typically low inoculum, it is not surprising that laboratories experienced problems with testing oxacillin, since many of the isolates tested are known to be heteroresistant and the number of daughter cells expressing the resistant phenotype may be less than 1 in 100,000 (4). While adjusting the inoculum suspension to a 1.0 McFarland standard to raise the actual inoculum size to the desired range may have been a reasonable suggestion prior to altering the breakpoints, with the proposed breakpoints, such an adjustment would only further contribute to the problem of classifying mecA-negative strains as resistant.
The proposed MIC breakpoints for oxacillin are lower than those advocated previously by York et al. (Յ1 g/ml for susceptibility) (23) and by Cormican et al. and McDonald et al. (both of whom proposed Յ0.5 g/ml for susceptibility) (3, 10) but are consistent with those proposed by Marshall et al. (9) . In our study, data from all of the above reports were taken into consideration. The breakpoints chosen appear to be the best choice for maximizing the sensitivity of detection of mecApositive S. epidermidis isolates without severely compromising a For mecA-positive strains, MICs must be Ն0.5 g/ml for proposed breakpoints or Ն4.0 g/ml for current breakpoints to be considered correct; for mecA-negative strains, MICs must be Յ0.25 g/ml for proposed breakpoints or Յ2.0 g/ml for current breakpoints to be considered correct. MScan, MicroScan; S, susceptible; R, resistant.
b Number given in parentheses is the total number of results used for calculations. Differences were due to growth failures in some MIC plates.
specificity. This approach was taken because S. epidermidis is the major CoNS species tested by clinical laboratories (2, 9, 22) . However, for CoNS other than S. epidermidis, the proposed breakpoints are less effective in differentiating mecApositive from mecA-negative strains (Table 4) . Strains of several species for which the oxacillin MICs were 0.5 to 2.0 g/ml were consistently mecA negative. Decreased susceptibility to oxacillin in these isolates may be due to alterations in penicillin tests are available, laboratories may choose to use either the broth microdilution or the disk diffusion method for testing CoNS, since both produce comparable results.
This study is the first to examine the accuracy of the oxacillin agar screen plate as applied to CoNS in multiple laboratories. In contrast to some earlier reports (23) , the test showed low sensitivity even when a larger inoculum was used (the wet swab) and the plate was incubated for 48 h. This observation suggests that use of the oxacillin agar screening method should be reserved exclusively for detecting mecA-positive S. aureus.
Having modified the oxacillin MIC breakpoints, we needed to adjust the disk diffusion breakpoints as well. York et al. reported discrepancies between the results of disk diffusion testing and mecA results, particularly with S. saprophyticus isolates (23). As noted above, in both the study data set and the CDC data set, several isolates of S. lugdunensis and S. saprophyticus, as well as strains of nine other staphylococcal species, were oxacillin resistant by both disk diffusion and MIC methods, yet consistently tested mecA negative. Thus, the phenotypic tests yielded consistent results but were discrepant from the genotypic results. While part of the problem may be a function of the challenge set of organisms selected for this study, which overrepresents staphylococci for which MICs are between 0.25 and 4.0 g/ml and contains some rare phenotypes, the lack of correlation with the results of mecA testing for these species remains a concern. Although the proposed breakpoints functioned well when applied to the results published by others, the number of strains representing species other than S. epidermidis in those studies was small (3, 9) .
In summary, the data presented here, in conjunction with data previously published by Marshall et al. (9) and others (3, 11, 23) , prompted NCCLS to modify the oxacillin MIC breakpoints for testing CoNS to Յ0.25 g/ml for susceptibility and Ն0.5 g/ml for resistance. In addition, a single disk diffusion breakpoint of Յ17 mm for resistance and Ն18 mm for susceptibility was adopted. These breakpoints produce consistent results for MIC testing and disk diffusion testing but show disagreement with regard to some mecA-negative, non-S. epidermidis strains of staphylococci. Finally, due to its poor performance in this study, the oxacillin agar screen plate is no longer recommended by NCCLS for testing CoNS but is limited to testing S. aureus strains only. a Percent correct results observed for each medium (growth for mecA-positive strains; no growth for mecA-negative strains). Wet, liquid was not expressed from the swab prior to inoculation of the agar screen plate; expressed, liquid was expressed from the swab prior to inoculation of the agar screen plate.
b Data from three strains were deleted due to testing problems at one site. 
